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Non-thermal leptogenesis with strongly hierarchical right handed neutrinos
V. Nefer S¸enog˘uz∗
Department of Physics and Astronomy, University of Kansas, Lawrence, KS 66045, USA
Assuming the Dirac-type neutrino masses mD are related to quark or charged lepton masses,
neutrino oscillation data indicate that right handed neutrino masses are in general strongly hierar-
chical. In particular, if mD is similar to the up-type quark masses, the mass of the lightest right
handed neutrinoM1 <∼ 10
6 GeV. We show that non-thermal leptogenesis by inflaton decay can yield
sufficient baryon asymmetry despite this constraint, and discuss how the asymmetry is correlated
with the low energy neutrino masses and CP-violating phases.
PACS numbers: 98.80.Cq, 14.60.St, 14.60.Pq, 12.60.Jv
I. INTRODUCTION
An attractive mechanism for generating the observed
baryon asymmetry of the universe (BAU) is baryogenesis
via leptogenesis [1]. In the seesaw model [2], the out-
of-equilibrium decays of right handed (RH) neutrinos to
lepton and Higgs fields create lepton asymmetry, which is
partially converted to baryon asymmetry by electroweak
sphaleron processes [3].
The RH neutrinos can be generated thermally after
inflation, if their masses are comparable to or below the
reheat temperature Tr. The thermal leptogenesis sce-
nario has the nice feature that the final asymmetry is
independent of initial conditions and inflaton couplings.
However, it requires Tr >∼ 109 GeV to generate the BAU
[4, 5], which is problematic in supersymmetric (SUSY)
models due to the gravitino constraint [6]. Non-thermal
leptogenesis by inflaton decay is an alternative scenario
that can work with lower values of Tr (>∼ 106 GeV) [7–
9]. These bounds can be saturated with M1 ∼ Tr and
M1 >∼ Tr for the thermal and non-thermal scenarios re-
spectively, where M1 is the lightest RH neutrino mass.
The seesaw relation
m = mDM
−1mTD , (1)
where mD is the Dirac-type neutrino mass matrix, re-
lates the RH neutrino mass matrix M to the low energy
neutrino mass matrix m, given in the basis where the
charged lepton mass matrix and gauge interactions are
diagonal by
m = U∗PMNSdνU
†
PMNS
. (2)
Here dν ≡ diag(m1,m2,m3), and UPMNS [10] is the lep-
tonic mixing matrix(
c12c13 s12c13 s13e
−iδ
−c23s12 − s23c12s13eiδ c23c12 − s23s12s13eiδ s23c13
s23s12 − c23c12s13eiδ −s23c12 − c23s12s13eiδ c23c13
)
·K0 ,
(3)
∗Electronic address: nefer@ku.edu
cij ≡ cos θij , sij ≡ sin θij , δ is the CP-violating Dirac
phase and K0 = diag(e
iα1/2, eiα2/2, 1) contains the two
CP-violating Majorana phases.
In Refs. 11–15, thermal leptogenesis was analyzed with
the assumption that mD is related to the mass matri-
ces of quarks or charged leptons, as typically realized in
grand unified theories. In this case the Dirac masses are
hierarchical, and the Dirac left-handed rotation in the
basis where the charged lepton mass matrix is diagonal
(the leptonic analogue of UCKM) is expected to be nearly
diagonal or similar to UCKM. We will hereafter refer to
these two assumptions as quark-lepton symmetry.
Hierarchical Dirac masses indicate strongly hierarchi-
cal RH neutrino masses [13, 16], and the resulting BAU
is suppressed due to the low value of M1. In partic-
ular, M1 <∼ 106 GeV if mD is similar to the up-type
quark masses. In this letter we point out that sufficient
asymmetry can nevertheless be generated through non-
thermal leptogenesis by inflaton decay. The inflaton is
assumed to decay predominantly to the next-to-lightest
RH neutrino. The asymmetry resulting from decays of
this neutrino is partially washed out since M1 < Tr. The
final asymmetry depends on the asymmetry per neutrino
decay as well as how strong the washout is.
The plan of the paper is as follows: We first review the
structure of seesaw parameters and estimate the asymme-
try and the washout assuming quark-lepton symmetry.
Numerical examples are provided in separate sections for
normal and inverted hierarchical (or quasi-degenerate)
light neutrino masses. We discuss how the BAU is cor-
related with the CP-violating phases and conclude with
a summary of results and some brief remarks on thermal
leptogenesis.
II. SEESAW PARAMETERS AND
LEPTOGENESIS
In the basis where the RH neutrino mass matrix is
diagonal, the Dirac mass matrix can be written as
mD = U
†
LdDUR , (4)
dD ≡ diag(mD1,mD2,mD3). Eq. (1) then takes the form
m = U †LdDWdDU
∗
L , (5)
2where
W ≡ URd−1R UTR (6)
is the inverse mass matrix of the RH neutrinos in the
basis where mD = U
†
LdD, and dR ≡ diag(M1,M2,M3).
From Eq. (5) one obtains
W =


mˆee
m2
D1
mˆeµ
mD1mD2
mˆeτ
mD1mD3
. . .
mˆµµ
m2
D2
mˆµτ
mD2mD3
. . . . . . mˆττ
m2
D3

 , (7)
mˆ ≡ ULmUTL . (8)
As mentioned in the introduction, we are assuming
mD1 ≪ mD2 ≪ mD3, and the Dirac left-handed rotation
UL ≈ UCKM ≈ 1. Elements of mˆ ≈ m generally have
a much milder hierarchy compared to the Dirac masses.
The matrix W then has a simple hierarchical structure,
and is diagonalized by [13]
UR ≈


1 −
(
mˆeµ
mˆee
)
∗
mD1
mD2
(
d23
d12
)
∗ mD1
mD3(
mˆeµ
mˆee
)
mD1
mD2
1 −
(
d13
d12
)
∗ mD2
mD3(
mˆeτ
mˆee
)
mD1
mD3
(
d13
d12
)
mD2
mD3
1

·K ,
(9)
d23 ≡ mˆeµmˆµτ − mˆµµmˆeτ ,
d13 ≡ mˆeemˆµτ − mˆeµmˆeτ ,
d12 ≡ mˆeemˆµµ − mˆ2eµ ,
K = diag(e−iφ1/2, e−iφ2/2, e−iφ3/2) , φi ≡ argMi .
Here the phases of RH neutrinos φi are included in UR
to keep Mi real. The mass eigenvalues are
M1 ≈
∣∣∣∣m2D1mˆee
∣∣∣∣ , M2 ≈
∣∣∣∣m2D2mˆeed12
∣∣∣∣ , M3 ≈
∣∣∣∣ m2D3d12m1m2m3
∣∣∣∣ .
(10)
The large neutrino mixings can originate from the seesaw,
despite both UL and UR being nearly diagonal [16].
To estimate the BAU, suppose the inflaton predomi-
nantly decays into the i-th family RH neutrino Ni. The
comoving number density YN is given by
YN ≡ nN
s
=
nN
nφ
nφ
ρφ
ρφ
s
= 2Br
1
mφ
3Tr
4
, (11)
Br ≤ 1 is the branching ratio of the inflaton φ to Ni, the
factor 2 assumes φ→ 2Ni, mφ is the inflaton mass, and
we have used the instantaneous decay approximation. A
more accurate calculation shows YN to be ≈ 25% larger
[17]. The asymmetry resulting from the decays of Ni
(assuming it decays promptly [8]) is then
Y∆ <∼
2Tr|ǫi|η
mφ
, (12)
where ∆ ≡ (1/3)B − L, ǫi is the lepton asymmetry pro-
duced per decay of Ni, and η is a washout factor. In
the simplest scenario, M1 ≫ Tr and there is no washout
(η = 1). On the other hand, if M1 <∼ Tr, part of the
asymmetry will be washed out due to N1 mediated in-
verse decays and ∆L = 1 scatterings. For M2 <∼ Tr, N2
mediated processes contribute to the washout as well.
The ∆ asymmetry is multiplied by a conversion factor
(C ≈ 12/37 for SM and C ≈ 10/31 for MSSM) to obtain
the BAU resulting from sphaleron processes at equilib-
rium above the electroweak scale [18].
For hierarchical RH neutrino masses as in Eq. (10),
|ǫ1| ≤ 3aM1matm
16πv2
, (13)
where the parameter a = 1 for non-SUSY and a =
2/ sin2 β for SUSY (tanβ ≡ 〈Hu〉/〈Hd〉) and v = 174
GeV [9, 19, 20]. Eqs. (12, 13) imply that if the inflaton
decays into N1, the WMAP best fit YB0 = 8.7 × 10−11
[21] for the BAU requires
M1 >∼
(
1
aη
)(
1/3
C
)(
0.05 eV
matm
)
1.3× 106 GeV , (14)
since mφ >∼ Tr (in effect [22]).
If the Dirac masses are related to the up-type quark
masses, Eq. (10) indicates that M1 is too light to gen-
erate the BAU. We will therefore assume mφ > 2M2 so
that φ predominantly decays into N2 instead of N1. Us-
ing Eqs. (4, 9), (m†DmD)ij ∼ mDimDj with coefficients
involving elements of mˆ. It follows that for hierarchical
Dirac masses the dominant contribution to the asymme-
try from the decays of N2 involves N3 in the loop [23]:
ǫ2 ≡
∑
α
ǫ2,α (15)
≈ − 3a
16πv2
∑
α Im
[
(m†D)2α(m
†
DmD)23(m
T
D)3α
]
(
m†DmD
)
22
M2
M3
.
In the expression ǫ2,α, the label i = 1, 2, 3 refers to the
RH neutrino, and α = e, µ, τ to the lepton flavor that
it decays into. For quark-lepton symmetry (that is, also
assuming UL ≈ 1), the Dirac mass matrix has the form
mD ∼


O(mD1) ≪ mD2 ≪ mD3
O(mD1) O(mD2) ≪ mD3
O(mD1) O(mD2) O(mD3)

 , (16)
with coefficients involving elements of mˆ, and the terms
above the main diagonal proportional to non-diagonal
elements of UL. It follows that the dominant term in Eq.
(15) is
|ǫ2,τ | ≈ 3aϕ
16πv2
|m∗D32mD33|2(
m†DmD
)
22
M2
M3
, (17)
≈ 3aϕM2
16πv2
|d13|2m1m2m3
|d12|(|d12|2 + |d13|2) , (18)
3where ϕ ≤ 1 is an effective phase that depends on
dν , UPMNS, dD and UL. (The phases φi in UR can be
calculated using Eqs. (5, 6) given the above masses, mix-
ings and phases.)
To estimate ηi (the washout involving Ni), we define
the washout parameters
Ki,α ≡ m˜i,α
m∗
, m˜i,α ≡ |mDαi|
2
Mi
, (19)
m∗ ≈ 1.08 × 10−3 eV for non-SUSY and m∗ ≈
(sin2 β)1.58×10−3 eV for SUSY. Note that lepton flavors
should be treated separately for an accurate calculation
of the washout [14, 24–26]. Setting α = τ , the washout is
given in the instantaneous decay approximation by [5, 26]
ηi,τ ≈ exp
[∫ ∞
z0
−1
4
z3K1(z)j(z)Ki,τAττdz
]
, (20)
z ≡Mi/T , z0 ≡Mi/Tr, K1 is a modified Bessel function
of the second kind, and
Yℓα = −AαβY∆β , (21)
with ℓ denoting the lepton doublet. The value of Aττ de-
pends on which interactions are in thermal equilibrium
[24]. For MSSM, Aττ = 19/30 between (1+tan
2 β)×105
GeV and (1 + tan2 β) × 109 GeV [27]. For SM, Aττ =
344/537 and 390/589 below and above 109 GeV respec-
tively [26].1
The function j(z) takes ∆L = 1 scatterings into ac-
count. We will not attempt a detailed calculation which
involves finite temperature effects. Instead, we will
use j(z) = 1 to define ηmax which underestimates the
washout, and
j(z) =
K2(z)
K1(z)
(
9m2t
8π2v2z
+ 1
)
(22)
to define ηmin which overestimates the washout [5].
It is also required that ∆L = 2 processes mediated
by RH neutrinos are out of equilibrium. As discussed in
Ref. 8, it is sufficient to have Tr <∼ (matm/mi)21013.5
GeV provided
ΓN2
Γφ
=
(a/8πv2)
∑
α |mDα2|2M2√
2π2g∗/45T 2r /mP
> 1 , (23)
where mP ≈ 2.4 × 1018 GeV is the reduced Planck
scale, and the relativistic degrees of freedom g∗ = 106.75
(228.75) for SM (MSSM). Using
∑
α m˜2,α ∼ matm, this
condition corresponds to M2 >∼ Tr/5.
1 A more accurate analysis around this temperature should take
quantum oscillations into account [25].
For M2 >∼ Tr, ΓN2 ≫ Γφ and we can use the following
simplified equations [4, 27, 28]:
Z
dρφ
dz
= −3
z
ρφ − Γφ
Hz
ρφ , (24)
ZX
dY∆τ
dz
=
3
z
(Z − 1)XY∆τ +
2ΓφρφXǫ2,τ
sHzmφ
(25)
− 1
4
z3K1(z)j(z)K2,τAττY∆τ
− 1
4
γ(γz)3K1(γz)j(γz)K1,τAττY∆τ .
Here z ≡M2/T , γ ≡M1/M2, and
Z ≡ 1− Γφρφ
4Hρr
, X ≡
(
ρr + ρφ
ρr
)1/2
, (26)
with ρr = (M2/z)
4g∗π2/30. The equations are solved
from zi =M2/Tmax to zf ≫ γ−1, and YB ≈ CY∆τ (zf ).2
III. RESULTS FOR NH SPECTRUM
In this section we assume a normal hierarchical (NH)
spectrum of light neutrino masses (m3 ≈ matm,m2 ≈
m⊙, m1 ≪ m2). To simplify the discussion we also set
UL = 1 and s13 = 0. In this limit the RH neutrino masses
are given by [11, 13]
M1 ≈ m
2
D1
s2
12
m2
, M2 ≈ 2m
2
D2
m3
, M3 ≈ m
2
D3s
2
12
2m1
, (27)
and with |d12| = |d13| = s212m2m3/2 we obtain
|ǫ2,τ | ≈ 3aϕm1M2
16πv2s2
12
. (28)
Using Eqs. (12, 28),
YB ≈
(
2M2
mφ
)(
m1
m2
)
ϕYB,max , (29)
YB,max ≈ 3aCTrm2η1η2
16πv2s2
12
. (30)
For M1 ≪ Tr we can take z0 = 0 in Eq. (20) to obtain
η1,max = exp
[
−3π
8
K1,τAττ
]
, (31)
η1,min = exp
[
−
(
2 +
3π
8
9m2t
8π2v2
)
K1,τAττ
]
.
2 Tmax ∼ (HImP )1/4T 1/2r is the maximum temperature attained
just after the inflaton starts oscillating, at time H−1
I
. We took
HI = mφ for the numerical calculation, but the results are not
sensitive to HI as long as Tmax is at least a few times larger than
Tr (HI ≫ T 2r /mP
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FIG. 1: YB,max versus the reheat temperature Tr, for dD =
du, UL = 1 and s13 = 0. The horizontal band corresponds
to the WMAP range (8.7 ± 0.3) × 10−11 [21], the solid and
the dotted curves are calculated using Eqs. (24–26) and Eq.
(20) respectively. Filled: SUSY, unfilled: non-SUSY; upper
bounds: j(z) = 1, lower bounds: Eq. (22).
η2 can be estimated by using Eq. (20), and becomes
significant for z0 <∼ 10. It follows from Eqs. (29, 30) that
the maximum asymmetry is obtained for Tr ≈ M2/10
andmφ ≈ 20Tr. Taking the reheating phase into account
by solving the Boltzmann equations gives similar results.
A numerical example is shown in Fig. 1, where we have
used Eq. (30) and set dD = du ≡ diag(mu,mc,mt) with
the values mu = 1.5 MeV, mc = 0.43 GeV, mt = 150
GeV (taken from Ref. 29, for a renormalization scale
of 109 GeV), for which M1 ≈ 6 × 105 GeV and M2 ≈
6 × 109 GeV.3 Assuming m1 ≪ m2, we can ignore the
contributions to m˜i,α that involvem1, and it follows from
Eq. (29) that YB ∝ m1.
While the washout due to N2 is severe when M2 <∼ Tr,
the washout due to N1 is rather mild, of order 0.1, for
UL = 1 and s13 = 0. This follows from Eq. (20), with
m˜2,τ ≈ m3/2 compared to m˜1,τ ≈ c212m2/2 (in the limit
m1 ≪ m2,3). For UL ≈ UCKM, there are additional,
order θ2Cm
2
3/m2 contributions to m˜1,τ , where θC is the
leptonic analogue of the Cabibbo angle. The result then
depends on the CP-violating phases of UPMNS, but on
average the washout gets stronger.
We also take into account an effect due to off-diagonal
elements of Aαβ [30]. Namely, in case of a strong washout
related to a large m˜1,τ , part of the asymmetry can still
survive if m˜1,µ or m˜1,e ∼ m∗.4 Typically m˜1,e is the
smallest washout parameter. For an estimate we can ig-
nore m˜1,µ which is of order m˜1,τ , and modify the Boltz-
3 We take s12 = 1/
√
3, s23 = 1/
√
2 and sinβ ≈ 1 in the numerical
calculations. We also take m3 = 0.06 eV and m2 = 0.011 eV,
roughly approximating renormalization group effects by increas-
ing the neutrino mass scale 20%.
4 This is also true for the washout due to N2, and part of the
asymmetry can survive for M2 <∼ Tr . However, the maximum
BAU is still obtained for M2 ≈ 10Tr .
-14 -12 -10 -8
Log@YB,maxD
0.02
0.04
0.06
0.08
0.1
0.12
FIG. 2: Histograms for YB,max with dD = du, m1 = 0.2m2
and UL = UCKM, calculated for SUSY with j(z) = 1. Filled:
s13 = 0, unfilled: s13 = 0.2.
mann equations by adding
−1
4
γ(γz)3K1(γz)j(γz)K1,τAτeY∆e (32)
to Eq. (25), and including an analogous equation for Y∆e
(with τ ↔ e and ǫ2,e ≈ 0). The final asymmetry is then
YB ≈ C(Y∆τ (zf) + Y∆e(zf )).
To estimate the probability distribution of YB,max for
UL = UCKM, we numerically solved the Boltzmann
equations 5000 times with uniformly distributed random
phases of UPMNS. We define YB,max by takingmφ = 2M2
as in Eq. (29), but here we takem1 = 0.2m2 to be specific
and include ϕ. In addition, the asymmetry is maximized
by varying Tr for each run. Fig. 2 shows the results for
s13 = 0 and s13 = 0.2. The percentage of runs yielding
YB,max > YB0 was 38% and 32% for s13 = 0 and s13 = 0.2
respectively. Including the Aτe term significantly alters
the low end of the probability distribution for YB,max,
but the effect on these percentages is only a few points.5
For s13 = 0, the peak at YB ≈ 10−12 results from
m˜1,e having a relatively small deviation (m˜1,e ≈ [1 +
O(θC) + O(θ2Cm3/m2)]s212m2). For s13 6= 0, there are
additional contributions to m˜1,e (as well as m˜1,τ ), and the
probability distribution becomes more dispersed. Using
Eqs. (19, 4, 9, 10), m˜1,τ ≈ |mˆeτ |2/|mˆee|, which from Eqs.
(8, 2) is given by
≈
∣∣∣−c12s12eiα2m2 + (s13e−iδ + θC√
2
)
m3
∣∣∣2
2
∣∣∣∣s212eiα2m2 + (s13e−iδ + θC√2
)2
m3
∣∣∣∣
. (33)
The terms including m1 and α1 are subdominant. As-
suming θC is similar to the Cabibbo angle, m˜1,τ is mini-
mized for δ ≈ π. YB,max also depends on ǫ2,τ , which from
5 Note that in Eq. (4), there are generally Majorana phases on
the left side of UR as well. These phases enter m˜i,α, leading to
O(θC) corrections for α = e, µ. (They can be rotated away in
the limit UL = 1.) This does not affect the results appreciably.
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FIG. 3: YB,max versus the Dirac phase δ, with dD = du,
m1 = 0.2m2, UL = UCKM and s13 = 0.2, calculated for SUSY
with j(z) = 1.
Eq. (18) is maximized for δ ≈ 0. For random Majorana
phases, YB,max > YB0 is most likely at δ ≈ π due to
the exponential dependence on m˜1,τ , however it remains
possible for all values of δ (Fig. 3).
The values of s13 and δ will be probed by neutrino
beam experiments within a decade for s13 >∼ 0.05 [31].
The value of α2 can in principle be probed by neutrino-
less double beta decay experiments. However, for normal
hierarchy the effective Majorana mass |〈mββ〉| = |mee| ≈
|s212eiα2m2+s213e−2iδm3| is too small to detect using cur-
rent techniques.
IV. RESULTS FOR IH AND QD SPECTRA
For inverted hierarchical (IH) spectrum of neutrino
masses, m3 ≪ m1 < m2 ≈ matm and in the limit
m3 → 0, UL → 1,
m˜1,τ =
c212s
2
12
∣∣eiα1m1 − eiα2m2∣∣2
2 |c2
12
eiα1m1 + s212e
iα2m2| . (34)
Taking s12 = 1/
√
3, m˜1,τ ranges from 4matm/3 for
α2 = α1 + π to m
4
⊙/36m
3
atm ≈ 0 for α2 = α1. (In-
cluding the Cabibbo mixing, m˜1,τ for α2 = α1 becomes
matmθ
2
C/4, which is still
<∼ m∗.) As a result, the asym-
metry is suppressed by a factor ∼ 108 for α2 = α1 + π,
but YB,max > YB0 is possible if α1 ≈ α2.
The RH neutrino masses are given in this limit by
M1 ≈ m
2
D1
matm
, M2 ≈ 2m
2
D2
matm
, M3 ≈ m
2
D3
2m3
(35)
for α1 ≈ α2. With |d12| = |d13| = m1m2/2 we obtain
|ǫ2,τ | ≈ 3aϕm3M2
16πv2
, (36)
similar to Eq. (28).
The asymmetry can only survive if α1 ≈ α2 for quasi-
degenerate (QD) spectra of neutrino masses as well, since
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FIG. 4: Histograms for YB,max with dD = du, UL = UCKM
and s13 = 0, calculated for SUSY with j(z) = 1. Filled: IH
spectrum, unfilled: QD spectrum.
terms involving m3 in m˜1,τ are suppressed either by s13
or θC . The RH neutrino masses Mi ∼ m2Di/m¯ where
m¯ is the QD neutrino mass scale. Assuming α1 ≈ α2,
|ǫ2,τ | ∼ (3a/16πv2)m2D2 is maximized for α2 ≈ π. On the
other hand, m˜1,τ ≈ θ2Cm¯ for α2 ≈ π and it is minimized
for α2 ≈ 0. The maximum asymmetry is determined by
the interplay of these two factors.
In the numerical examples we used the following neu-
trino masses. IH spectrum: m1 = 0.059 eV, m2 = 0.06
eV, m3 = m2/5. QD spectrum: m1 = 0.1 eV, m2 =
0.1006 eV, m3 = 0.117 eV. (Similar results are obtained
for inverted hierarchical QDmasses.) The resulting prob-
ability distribution of YB,max is displayed in Fig. 4. The
percentage of runs yielding YB,max > YB0 was 31% and
18% for IH and QD spectra respectively, for UL = UCKM
and s13 = 0. Since m˜1,τ ∝ m¯, YB,max decreases as
m¯ is increased, with the percentage of runs yielding
YB,max > YB0 decreasing to 7% (3%) for m1 =0.2 (0.3)
eV. These percentages increase a few points if UL ≈ 1,
and decrease a few points if s13 ≈ 0.2.
The effective Majorana mass, given by
|〈mββ〉| ≈
∣∣c212eiα1m1 + s212eiα2m2∣∣ (37)
for both IH and QD spectra, is maximized by the condi-
tion α2 ≈ α1. As shown in Fig. 5, YB,max > YB0 requires
|〈mββ〉| >∼ 0.04 eV for IH.6 This range of |〈mββ〉| can be
probed within a decade [32].
V. CONCLUSION
In this paper we considered non-thermal leptogenesis
by inflaton decay under the assumption that the Dirac-
type neutrino mass matrix mD is related to the up-type
6 Note that since we took the neutrino mass scale 20% larger at
the leptogenesis scale, we scaled |〈mββ〉| down 20% in the figure
to correspond to low energy values.
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FIG. 5: YB,max versus the effective Majorana mass |〈mββ〉|,
with dD = du and UL = UCKM, calculated for SUSY with
j(z) = 1. Black (red): IH spectrum with s13 = 0 (s13 = 0.2).
Blue (green): QD spectrum with s13 = 0 (s13 = 0.2).
quark (or charged lepton) mass matrix. Following the
approach of Ref. 13, we did not make any specific as-
sumptions on the textures of these matrices, but rather
considered the general structure that follows from fitting
to the low energy data. In this approach the RH neutrino
masses are almost always strongly hierarchical (∝ d2D).
This strong hierarchy and the rest of our analysis fol-
lows from the light neutrino mass matrix having a less
hierarchical structure compared to dD, except for spe-
cific values of s13 and the UPMNS phases which occur
very rarely in a random scan.7 On the other hand, mD
can be constrained further in particular SO(10) or other
GUT models with flavor symmetries. It can then have
structures different from Eq. (16), and fitting to the low
energy data then yields those specific values as predic-
tions. In such cases which are beyond the scope of this
paper, the RH neutrinos can be less hierarchical and non-
thermal leptogenesis with M1 ≫ Tr also becomes possi-
ble.
Assuming strongly hierarchical RH neutrinos with
dD ≈ du, the matter asymmetry created by the decays
of N2 is partially washed out since M1 < Tr, but can
still account for the BAU. For either NH or IH spectra
of light neutrino masses, YB = YB0 requires(
10Tr
M2
)(
2M2
mφ
)(
min(mi)
m2
)
>∼
(
mc
mD2
)2
10−2 , (38)
with each term on the left < 1 (min(mi) = m1 for NH,
min(mi) = m3 for IH). The case dD = du corresponds to
M2 ∼ 6× 109 GeV.8 Eq. (38) can then be satisfied with
7 Since nothing is currently known about the values of these
phases, we assumed a flat probability distribution for numeri-
cal analysis. Such a distribution also follows from ‘anarchy’ [33].
8 More precisely, M2 varies depending on the UPMNS phases and
is in the range 109.7–1010.2 GeV for NH with s13 = 0. For NH
with s13 = 0.2 or IH, it varies within an order (two orders) of
mφ = 10
10–1011 GeV and Tr ∼ 108 GeV. This value of
Tr can be consistent with the gravitino constraint, while
mφ in the above range is possible in small field or hybrid
inflation models. On the other hand, for simplest large
field inflation models mφ >∼ 2×1013 GeV. The upcoming
Planck satellite can discriminate these classes of models
[34].
For NH spectrum of light neutrino masses and s13 >∼
0.1, sufficient asymmetry is most likely to be obtained if
the UPMNS Dirac phase δ ≈ π (assuming UL ≈ UCKM).
For IH or QD spectra of light neutrino masses, sufficient
asymmetry can only be obtained if the UPMNS Majo-
rana phases are approximately equal to each other, im-
plying |〈mββ〉| ≈ matm for IH spectrum and larger for
QD spectrum. The asymmetry decreases as the QD neu-
trino mass scale is increased, and if |〈mββ〉| >∼ 0.2 eV, the
leptogenesis scenario discussed here is strongly disfavored
assuming dD ≈ du.
If we relate the Dirac masses to masses of the charged
leptons dℓ ≡ diag(me,mµ,mτ ) instead, mD2 ≈ mµ tanβ
and Eq. (27) yields M2 ∼ (tan2 β)2 × 108 GeV. Pro-
vided tanβ is large, it is then easier to satisfy Eq. (38),
especially for non-SUSY where there is no gravitino con-
straint on Tr. For large tanβ it also becomes possible to
generate the BAU with the inflaton decaying to N1, as
M1 ∼ (tan2 β)5× 104 GeV can satisfy Eq. (14).
Thermal leptogenesis where the asymmetry is created
by the decays of N2 was discussed in Refs. 20, 30, 35 as
well as Refs. 14, 15 which also relate mD to the up-type
quark masses. It is difficult to obtain sufficient asym-
metry in this case. For m˜2,τ ≈ matm/2, the bounds are
Tr >∼ 1010 GeV andM2 >∼ 5×1010 GeV assuming that ǫ2
is given by Eq. (13) with M1 replaced by M2, and that
there is negligible washout from N1 [5, 20]. However,
for quark-lepton symmetry ǫ2 is suppressed by the light-
est neutrino mass, and the phase values that maximize
it do not coincide with those that suppress the washout.
We therefore expect these bounds to be at least a few
times larger. Similar conclusions are reached in Refs.
15. Notwithstanding the high Tr, the value of M2 would
then not be compatible with the assumption dD ≈ du,
although it may be compatible with dD ≈ dℓ tanβ for
large tanβ.
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